Aims/hypothesis Polycystic ovary syndrome (PCOS) is a risk factor of type 2 diabetes. Screening for impaired glucose metabolism (IGM) with an OGTT has been recommended, but this is relatively time-consuming and inconvenient. Thus, a strategy that could minimise the need for an OGTT would be beneficial. Materials and methods Consecutive PCOS patients (n=118) with fasting glucose <6.1 mmol/l were included in the study. Parameters derived from medical history, clinical examination and fasting blood samples were assessed by decision tree modelling for their ability to discriminate women with IGM (2-h OGTT value ≥7.8 mmol/l) from those with NGT. Results According to the OGTT results, 93 PCOS women had NGT and 25 had IGM. The best decision tree consisted of HOMA-IR, the proinsulin:insulin ratio, proinsulin, 17-OH progesterone and the ratio of luteinising hormone: follicle-stimulating hormone. This tree identified 69 women with NGT. The remaining 49 women included all women with IGM (100% sensitivity, 74% specificity to detect IGM). Pruning this tree to three levels still identified 53 women with NGT (100% sensitivity, 57% specificity to detect IGM). Restricting the data matrix used for tree modelling to medical history and clinical parameters produced a tree using BMI, waist circumference and WHR. Pruning this tree to two levels separated 27 women with NGT (100% sensitivity, 29% specificity to detect IGM). The validity of both trees was tested by a leave-10%-out cross-validation. Conclusions/interpretation Decision trees are useful tools for separating PCOS women with NGT from those with IGM. They can be used for stratifying the metabolic screening of PCOS women, whereby the number of OGTTs can be markedly reduced.
Introduction
Polycystic ovary syndrome (PCOS) is one of the most common endocrine diseases, affecting 5-10% of women of reproductive age [1] . PCOS is a heterogeneous disorder, characterised by hyperandrogenism, chronic anovulation and infertility [2] [3] [4] [5] . A significant proportion of PCOS women suffer from insulin resistance, which appears to play a role in the aetiology of PCOS, since amelioration of insulin resistance by lifestyle or pharmacological intervention has been shown to improve hyperandrogenism and fertility [6] [7] [8] [9] . Furthermore, insulin resistance is proposed to be a major risk factor for the development of type 2 diabetes mellitus and subsequent cardiovascular disease [10] [11] [12] [13] . Estimates from several studies indicate that approximately 20-40% of adult and adolescent PCOS women, including both lean and obese patients, suffer from impaired glucose metabolism (IGM, defined as impaired glucose tolerance or type 2 diabetes) [14] [15] [16] [17] .
Since PCOS is a proposed risk factor for the development of type 2 diabetes, general screening of PCOS women for IGM has been recommended [13, [17] [18] [19] . Screening of high-risk populations appears reasonable for two reasons: (1) lifestyle intervention has been shown to prevent the development of type 2 diabetes in patients with IGT [20, 21] ; and (2) early diagnosis and treatment of type 2 diabetes may reduce the burden of diabetes and its complications [19, 22, 23] .
Fasting glucose has been suggested as a screening test for IGM. However, several studies demonstrate that a substantial proportion of PCOS women with IGT or even type 2 diabetes show normal fasting glucose concentrations [14, 16, 17] . It has therefore been suggested that all PCOS patients should undergo an OGTT for detection of IGM [13] . However, this procedure is time-consuming and inconvenient, which may limit its use as a general screening tool. It would therefore be useful to develop a screening strategy to identify those PCOS patients most likely to suffer from IGM to limit the number of OGTTs that need to be performed.
In the present study we prospectively evaluated 118 consecutive PCOS women. Parameters derived from medical history, clinical examination and fasting blood samples were assessed by decision tree modelling for their ability to discriminate women with IGM from those with NGT. Decision tree modelling is a supervised machine learning technique that reveals combinations of variables in the form of paths through decision trees. This technique is also called recursive partitioning and has recently been applied to medical data, e.g. for cancer diagnosis [24] [25] [26] , HIV drug resistance [27] , and the classification of insulinresistant subjects [28] .
Subjects and methods
We prospectively studied 118 consecutive women with PCOS, who were referred to our clinic because of hirsutism, oligomenorrhoea/amenorrhoea or infertility. The study was carried out in accordance with the Declaration of Helsinki as revised in 2000 and the patients gave written informed consent. The cohort has previously been published in part [29] [30] [31] . The diagnosis of PCOS was based on (1) the presence of chronic ovulatory dysfunction, i.e. oligomenorrhoea (four cycles or fewer over the last 6 months) or amenorrhoea (no cycles in the last 6 months), and (2) clinical signs of hyperandrogenism, i.e. hirsutism or acne, or (3) laboratory findings, i.e. hyperandrogenaemia, defined as serum androgen levels (DHEAS, 17-OH progesterone, androstenedione or total testosterone) above the upper limit of normal for the respective assay, and (4) the exclusion of other disorders such as Cushing's syndrome, late-onset 21-hydroxylase deficiency, thyroid dysfunction, hyperprolactinaemia and androgen-secreting tumours. These diagnostic criteria for PCOS are consistent with the most commonly used diagnostic criteria for PCOS, often referred to as the National Institutes of Health consensus criteria [32] . BMI and WHR were calculated as described previously [30] . Insulin resistance was assessed both in terms of homeostasis model assessment of insulin sensitivity (HOMA%S), using the HOMA-CIGMA, version 2, program, kindly provided by J. C. Levy [33, 34] , and homeostasis model assessment of insulin resistance (HOMA-IR), calculated as fasting insulin (mU/l)×fasting glucose (mmol/l)/22.5. Insulin secretion was assessed as HOMA%B, again using the HOMA-CIGMA program. Blood pressure was measured three times in 5-min intervals in the sitting position; the mean of measurements two and three was used in further calculations. All women were asked to provide information on cycle length, smoking status, age and medication. None of the women took contraceptive drugs. All women were studied within the first 10 days following menstruation in the case of mild oligomenorrhoea, or at random if they suffered from severe oligomenorrhoea or amenorrhoea. Blood was sampled in the morning after an overnight fast and the samples were stored at −20°C until analysis. Cushing's syndrome was excluded by a low-dose (1 mg) overnight dexamethasone test and late-onset 21-hydroxylase deficiency by an ACTHstimulation test. All women had fasting glucose levels<6.1 mmol/l. During the 75-g OGTT, a 2-h glucose value of ≥7.8 mmol/l was considered indicative of IGT, and a 2-h value of >11 mmol/l was classified as type 2 diabetes (WHO definition) [35] . IGT and type 2 diabetes were subsumed as IGM. The metabolic syndrome was defined according to criteria defined in the Third Report of the National Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (NCEP ATP III) [36] .
Assays
Glucose, insulin, C-reactive protein (CRP), 17-OH progesterone, luteinising hormone, follicle-stimulating hormone, oestradiol, progesterone, testosterone, dehydroepiandrosterone sulphate (DHEAS), sexual hormone binding globulin (SHBG), and androstenedione were measured as described previously [30] . Proinsulin was measured by a two-site immunoradiometric assay (IRMA), using a monoclonal proinsulin antibody (Clone 7F8, mouse anti-human proinsulin; Biotrend, Cologne, Germany) as the catcher antibody, and a radioiodinated monoclonal C-peptide antibody (clone PEP-001, mouse anti-human C-peptide; Novo-Nordisk, Bagsvaerd, Denmark) for detection. Proinsulin serum concentrations were calculated using recombinant human proinsulin (Sigma, Munich, Germany) as the standard. The intra-assay and interassay CVs were <5 and <8%, respectively, and the lower limit of sensitivity was <1 pmol/l. There was no cross-reactivity with insulin (up to 1,650 pmol/l) or with C-peptide (up to 9,934 pmol/l). Thyroid-stimulating hormone, cortisol and adrenocorticotropin hormone (ACTH) were measured by chemiluminescence immunoassays (TSH and cortisol: Bayer Diagnostics, Fernwald, Germany, inter-assay CVs 3.6%; ACTH: Nichols Institute Diagnostics, Bad Nauheim, Germany, inter-assay CV 8%). HDL, LDL, total cholesterol and triglycerides were quantified using routine laboratory tests.
Statistical analysis
If not stated otherwise, mean values and SEM are reported (calculated using SPSS software, version 10.0, SPSS, Chicago, IL, USA). Two-tailed α<0.05 was considered significant. The non-parametric Mann-Whitney U test was used to analyse for differences in skewed continuous variables, while differences in normally distributed continuous variables were compared by the unpaired Student's t test. Normal distribution was tested by the KolmogorovSmirnov test. Differences in frequencies were tested by the χ 2 test. A decision tree model was developed using the C4.5 algorithm [37] , which consists of two steps: tree construction and tree pruning. Tree construction selects the best predictor variables that divide the cohort of a parent node into two child nodes. The split maximises the number of PCOS women with NGT in each child cohort (one node consists of only PCOS women with NGT). To achieve this, misclassification costs for women with IGM were set to 20, while all other classification costs remained 1 by default. The child node becomes a parent node for a further split, and so on. The splitting continues until women in each node are either in one classification category or cannot be split further. The pruning step is necessary to avoid overfitting the data. The validity of the decision tree modelling was tested by a leave-10%-out cross-validation, yielding an absolute number of women with IGM misclassified in the course of the ten cross-validation runs, and a standard deviation of the classification error. This leave-10%-out cross-validation was modelled ten times to yield a mean for the absolute number of women with IGM misclassified during the course of the ten leave-10%-out cross-validation runs and a mean of the standard deviation. This procedure provides an unbiased statistic for evaluating the predictability of a fitted model [38] . Decision tree modelling was performed twice, once using all parameters depicted in Table 2 and again using the medical history and clinical parameters only.
In order to further reduce complexity, the trees were cut manually to the desired size in analogy to tree costcomplexity pruning [39] . This is indicated in the figures by the pruning line.
Results
The characteristics of the cohort are depicted in Table 1 . All 118 subjects had fasting glucose concentrations below 6.1 mmol/l. Twenty-five (21.2%) subjects had an IGM (OGTT 2-h glucose concentration ≥7.8 mmol/l). Twenty women (16.9%) had IGT and five suffered from type 2 diabetes (4.2%). The women with IGM differed from those with NGT in that they were more obese, more insulinresistant (higher fasting insulin levels, lower HOMA%S), had higher total testosterone, and lower SHBG levels. There were, however, no significant differences in fasting glucose, smoking status or family history of type 2 diabetes (Table 2) .
Decision tree models were computed using all the parameters summarised in Table 2 . Parameters of the C4.5 algorithm were set to detect IGM with a high sensitivity at the expense of specificity, since missing women with IGM is expected to have negative individual health effects. The best decision tree consecutively applied HOMA-IR, the proinsulin:insulin ratio, proinsulin, 17-OH progesterone, and the ratio of luteinising hormone:follicle-stimulating hormone (Fig. 1) . This decision tree separated 69 women with NGT (58.5%) from the remainder of the cohort (49 women), amongst them all 25 women with IGM. The sensitivity of this tree for detecting women with IGM was 100% and the specificity 74%. A leave-10%-out crossvalidation was performed, which revealed a strong degree of consistency in the splitting choices. Furthermore, only 5.4 women with IGM were misclassified in the ten leave-10%-out runs, yielding a mean sensitivity per leave-10%-out run of 98%. The standard deviation for the misclassification was 4.6%, indicating a very stable decision tree model [40] . To obtain a less complex tree, a second pruning step was performed manually. The pruning was performed after three decision levels of the tree. This pruned decision tree used HOMA-IR, the proinsulin:insulin ratio and proinsulin as predictors. This tree algorithm identified 53 women with NGT; the remaining 65 PCOS women (55.1% of the cohort) included the 25 women with IGM. The sensitivity for the detection of women with IGM was 100% and the specificity was 57%.
We further investigated the performance of decision trees that use medical history and clinical parameters only. We therefore restricted the data matrix to these parameters, which are indicated in detail in Table 2 . The most suitable tree used BMI, waist circumference and WHR. This tree identified 30 PCOS women with NGT; the remainder of the cohort (88 women, 74.6% of the cohort) included the 25 with IGM. Again, sensitivity for detection of IGM was 100%, but the specificity dropped to 32.3%. Crossvalidation again yielded a strong degree of consistency and a misclassification of 3.6 women with IGM in the course of the ten leave-10%-out runs with a standard deviation for misclassification of 5.5%, which again indicates a stable tree (Fig. 2) . Manual pruning of this tree to two levels separated 27 women with NGT from the remainder of the cohort (91 women, 77.2% of the cohort), which included the 25 women with IGM. Again, the sensitivity for detection of IGM was 100%, and the specificity was 29%.
Applying the best decision tree to a stratified screening algorithm cuts down the number of OGTTs by about 60%. Pruning this tree to three levels still reduces the need for an OGTT by 45%. The tree that uses clinical data alone decreases the number of OGTTs by 25%. Thus, decision trees are useful tools for separating PCOS women with NGT from those with IGM.
Discussion
PCOS is one of the most common endocrine disorders in women of reproductive age, with an estimated prevalence of 5-10% among this subset of the population [2] [3] [4] [5] . Women with PCOS often suffer from obesity, insulin resistance, IGT, or type 2 diabetes [14] [15] [16] [17] 41] . In our cohort of 118 consecutive PCOS women with a mean age of approximately 29 years, 21% were diagnosed with either IGT or type 2 diabetes, according to the 2-h glucose concentration of an OGTT. This prevalence is similar to results reported for other PCOS cohorts of comparable age [15, 16, 41] , and is significantly higher than the IGM prevalence in the general population [42] . Hence, screening of PCOS women for IGM has been recommended [13, 17, 19] . According to the American Diabetes Association fasting glucose is the preferred screening parameter for IGM because it is easier and faster to perform, more convenient and acceptable to patients, and less expensive than an OGTT [19] . In our group, however, there was no significant difference in fasting glucose concentrations between women with and without IGM. Thus, fasting glucose does not appear to be a suitable screening parameter in PCOS women, which is consistent with previous reports [14, 16, 17] . Accordingly, fasting glucose was not a notch parameter in the decision trees calculated in our cohort. Therefore, an OGTT is currently the only way to reliably detect impaired glucose metabolism in PCOS. This procedure, however, is relatively time-consuming and inconvenient for the patient, which limits its use as a general screening instrument in daily practice. Therefore, a more convenient screening strategy that minimises the need for an OGTT is desirable.
In the present study, decision tree modelling was performed to determine parameters that separate PCOS women with NGT from those with potential IGM, to identify those PCOS patients most likely to benefit from undergoing an OGTT. The best decision tree, which was based on the complete set of data, separated 69 women with NGT (58.5% of the entire cohort); the remainder of the cohort included all women with IGM. Therefore, the number of OGTTs needed to detect PCOS women with IGM could be substantially reduced from 118 to 49. Even after pruning this tree to three levels, almost 50% of the OGTTs would be dispensable. A screening procedure using this pruned tree requires the measurement of fasting glucose, insulin and proinsulin, and the simple calculations of HOMA-IR and the proinsulin:insulin ratio. This approach appears to be feasible in daily practice. Further pruning this decision tree to the first decision node, which only requires calculation of HOMA-IR, identified 41 women with NGT. The level at which the tree is pruned may be altered according to individual needs. In general, the more decision nodes used, the better the discriminating power of the tree. As for many biochemical and endocrine parameters, the measurement of insulin is fraught with inconsistencies [43] , which also affects the calculation of HOMA-IR [44] . This problem can be overcome by extensive standardisation, but, nevertheless, it would be preferable to have a screening procedure that does not require any biochemical measurements. Hence, we tested decision trees based upon medical history and clinical examination only. The best of these trees pruned to two levels separated 27 women with NGT. This means that by calculating the BMI and measuring the waist circumference the number of OGTTs needed to detect all PCOS women with IGM could be reduced by about 23%. This number is clearly less than the reduction that can be obtained by the aforementioned tree. Nevertheless, in clinical practice, such a low-cost and rapidly performed decision tree might be an interesting approach.
In the best decision tree, which was based on the complete, unrestricted dataset, the first decision level indicating the most important parameter for the discrimination of PCOS women with NGT from those with IGM was HOMA-IR, a parameter describing insulin resistance. The second and third decision nodes use the proinsulin: insulin ratio and proinsulin. These two parameters have been postulated to be indicators for altered beta cell function in the context of insulin resistance [45, 46] . From a pathophysiological point of view, insulin resistance and beta cell dysfunction are both key factors for the development of IGM and type 2 diabetes. Thus, it is comprehensible that the addition of parameters for altered beta cell function to a parameter of insulin resistance further enhances the discriminatory power of the decision tree. Fig. 1 The best decision tree based upon all parameters given in Table 2 . The horizontal line indicates the manual pruning. x/y indicates the total number of PCOS women/women with IGM. The red leaves contain women with IGM. FSH Follicle-stimulating hormone, LH luteinising hormone Fig. 2 The best decision tree based upon medical history and clinical examination parameters labelled with a superscript 'b' in Table 2 . The horizontal line indicates the manual pruning. x/y indicates the total number of PCOS women/women with IGM. The red leaves contain women with IGM BMI has recently been described as a predictor of insulin resistance [28] . Therefore, it is in good accordance that in the tree restricted to parameters derived from the medical history and clinical examination, BMI was the most important discriminator. Although BMI is well correlated to the degree of insulin resistance in general [47] , it is, however, known that insulin resistance is not only observed in obese PCOS women but also occurs in a substantial proportion of lean PCOS patients as reported by us [29] and others [48] . It is therefore of no surprise that the decision tree which used the unrestricted dataset, including more direct parameters and indices of insulin resistance and altered beta cell function, was superior, and did not include BMI.
Conclusion
Simple decision trees could be useful tools for separating PCOS women with NGT from those with IGM. Dependent on individual needs, different decision trees can be chosen, which vary in their ability to reduce the number of OGTTs. A sophisticated strategy, which requires the measurement of fasting glucose, insulin and proinsulin, could reduce the number of necessary OGTTs by 50%. Because of the wellknown variation in assays for insulin and proinsulin, the cut-off values used for the latter screening strategy are assumed to need adjustment [43] . Since this strategy is rather expensive, we searched for an alternative using only information derived from medical history and clinical examination. A screening strategy that uses BMI and waist circumference, which is a low-cost and rapidly performed approach, could save about 23% of the OGTTs needed. Therefore, applying such trees to the metabolic screening of PCOS women could minimise the number of OGTTs required to identify women with IGM. 
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